Despite the ubiquity and importance of chemical signaling, we have only limited insight about the 12 role of learning in the response to pheromones. Here, we demonstrate that responses to pheromones 13 can be reprogrammed through associative learning. In particular, we show that attraction to 14 ascaroside pheromones in the model nematode Caenorhabditis elegans can be reversed by training 15 the animals to associate either a pheromone blend or single synthetic ascarosides with the lack of 16 food. This behavioral plasticity alters worm preference for pheromones following consumption of a 17 food patch, possibly improving foraging in natural environments. By bridging the gap between the 18 current knowledge on the chemical language and the learning abilities of C. elegans, we provide 19 insight on the possible links between learning and chemical signaling in animals. 20
pheromone blend produced by worms or single synthetic ascarosides to the absence of food. We 48 it produces, as this simulates what worms are exposed to in their natural environment (22) . We 54 found that a natural pheromone blend obtained by collecting and filtering the supernatant of a worm 55 liquid culture (23, 24) is a potent attractant. In a standard chemotaxis assay (20, 25) , the number of 56 worms arriving to a spot containing the pheromone blend was more than twice the number arriving 57 at a spot containing a control solvent ( Fig. 1A) . By contrast, the chemotaxis-defective mutant 58 PR691 (26), which cannot detect chemicals, could not distinguish between the pheromone blend 59 and a control solvent (Fig. 1A) . The explanation that has been given to this observation in the past 60 decade is that attraction of the worms to the pheromone blend is an innate response (11-14, 16, 17) . 61
However, while growing, worms are simultaneously exposed to both bacteria and 62 ascarosides, which are continuously secreted by the animals (27) (Fig. 1B) . Hence, an alternative 63 explanation to "innate attractive behavior" can be that worms are attracted to the pheromone blend 64 because of the positive association with food that they learn to make during growth on the plate. If 65 associative learning regulates C. elegans response to pheromones, this positive association could be 66 reversed just by training the worms to associate the pheromone blend with starvation, as has been 67 demonstrated for salt ( Fig. 1C) (20) . We would therefore expect that animals fed in the presence of 68 pheromones are attracted to them, while worms starved in the presence of pheromones avoid them 69 ( Fig. 1D) . 70
We tested this hypothesis in a learning experiment in which MY1 worms were trained for 71 six hours to associate their pheromone blend with either a positive stimulus, bacterial food, or a 72 negative one, starvation ( Fig. 2A ). We found that chemotaxis to the pheromone blend, which is 73 strong when worms are trained with food and pheromones, is lost by starving worms in the presence 74 blend with the absence of food and in response they have changed their behavior. This suggests that, 76 in the search for food, worms may avoid regions with pheromones if they experienced starvation in 77 the presence of pheromones. 78
To determine the worm response in the absence of information about pheromones, animals 79 were also trained without pheromone blend, both with and without bacterial food ( Fig. 2A) . 80
Preference for the pheromone blend is lost when worms are trained in a plate without food nor 81 pheromone blend ( Fig. 2B , red bar). We interpret this as meaning that six hours without any 82 information on pheromones is enough to make worms "forget" the positive association between 83 food and pheromones they acquired during growth. 84
In contrast, preference for the pheromone blend is not lost when worms are trained in a plate 85 in which we added food but not the pheromone blend ( Fig. 2B , turquois bar). In this condition, 86 animals, whose density in conditioning plates is high, are simultaneously exposed to the food, 87 which we provided, and the pheromones, which they are excreting (10). Hence, they may still be 88 learning to associate pheromones with food. If this is true, worms trained with just food would lose 89 chemotaxis towards the pheromone blend only in a condition in which their density is low enough 90 to prevent the pheromone concentration from building up during the conditioning period. Consistent 91 with this hypothesis, the preference for the pheromone blend goes to zero when animals are trained 92 with food at low density (Fig. 2B , purple bar). The fact that worms lose the positive association 93 between food and pheromones they learned during growth provides further support that C. elegans 94 attraction to pheromones is not just innate. 95
A possible concern is that our observation of associative learning can be explained if starved 96 worms simply behave differently than fed worms, losing the preference for the pheromone blend. 97
However, our experiments training the worms in the presence of food but without added 98 pheromones at high or low worm density show that it is not only the feeding state of the worm that 99 determines the response to the pheromone blend, since equally fed worms showed attraction at high 100 density and no preference at low density. This result further reinforces our hypothesis that learning 101 can modify worm response to pheromones. 102
We next asked whether associative learning with pheromones is a general phenomenon in C. 103 elegans. To address this question, worms of the lab strain N2 and of another natural isolate, MY14, 104
were trained for six hours to associate the pheromone blend with either bacterial food or starvation. 105
We found that associative learning occurs in both strains, regardless of the magnitude of the 106 attraction of each strain to the pheromone blend ( Fig. S1 ). In particular, chemotaxis to the 107 pheromone blend is strongly reduced in N2 worms, which displays strong attraction, and reversed 108 in MY14 worms, which instead shows only a slight attraction to the pheromone blend ( Fig. 2C ). 109
Differences in the relative strengths of attraction and repulsion to pheromones between the 110 laboratory strain N2 and most wild isolates have been shown to result from a mutation in the 111 neuropeptide-Y receptor locus, npr-1(13). These results argue that associative learning of 112 pheromone signals is likely common among C. elegans strains. 113
The pheromone blend contains, in addition to a cocktail of ascarosides, other products of 114 worm metabolism, compounds deriving from the decomposition of dead worms and bacteria, and 115 perhaps other unknown substances. To test whether altered responses to ascaroside pheromones 116 underlie the observed learning, we repeated the experiment with pure synthetic ascarosides. We 117 tested two synthetic molecules -ascr#5 and the indole ascaroside icas#9 -at the concentration at 118 which each pheromone was attractive for MY1 strain (Fig. S2 ). Ascr#5 is abundantly produced by 119 C. elegans (15) and can act synergistically with other ascarosides promoting dauer formation (7) . 120
Unlike other dauer-inducing ascarosides, ascr#5is attractive for hermaphrodite N2 individuals (13). 121
Icas#9 exerts attraction on hermaphrodites, promoting aggregation (14), and suppresses exploratory 122 behavior by slowing down worms while they are crawling on food (16). 123
To test for associative learning with pure ascr#5 and icas#9, worms were trained to associate 124 each ascaroside to either bacterial food or starvation and then assayed for chemotaxis to the 125 ascaroside they were trained with ( Fig. 3 ). Worms fed in the presence of either ascr#5 or icas#9 126 prefer the ascaroside while this preference is reversed when worms are starved in the presence of 127 either of the two ascarosides ( Fig. 3 ). Analogously to the experiment with the pheromone blend, six 128 hours without exposure to ascarosides are enough to lose the positive association between food and 129 pheromones ( Fig. 3) . These results support our hypothesis that the worms were learning from the 130 pheromones in the crude pheromone blend. We concluded that through associative learning, C. 131 elegans is able to reverse its response to pheromones. 132
A potential confounding effect in the learning experiments could stem from the fact that 133 worms during the training period are still producing and excreting pheromones, possibly interfering 134 with the chemotaxis assay. To rule out this effect, we repeated the learning experiment with ascr#5 135 using a C. elegans strain that doesn't produce pheromones but does sense them (14) (daf-22 136 DR476). Similar to our results with the MY1 natural isolate, the daf-22 worms go to ascr#5 when 137 trained to associate it with food, avoid ascr#5 when trained to associate it with starvation, and lose 138 their preference when trained in the absence of both ascr#5 and food ( Fig. S3 ). These findings 139 further reinforce the fact that the modification in the worm behavior is due to pheromones. 140
Interestingly, daf-22 mutants go to ascr#5 also when trained with just food (Fig. S3 ). Intuitively, 141 this could contrast with the idea of worm response to pheromones being completely dependent on 142 learning processes. This result suggests that part of the response of wild type C. elegans to 143 pheromones is innate, but also that it can be modified by experience. 144
Associative learning underlies behavioral plasticity, i.e. the ability to tune behavior 145 depending on the context. Several species exhibit behavioral plasticity as an adaptive response to 146 different environments and as a vital strategy for dealing with environmental variation (28). C. 147 elegans' optimal habitats, i.e. rotting plant stems, flower and fruits, are ephemeral and randomly 148 distributed in space and time (29, 30). To survive, C. elegans has evolved a boom-and-bust life 149 cycle, in which worms rapidly proliferate on bacteria-rich rotting material, and as soon as food is 150 depleted they enter a non-feeding stage (dauer larva), which acts as a dispersal mechanism (30). 151
However, bacterial food is heterogeneously distributed also at smaller spatial scales, i.e. on the 152 rotting material (30) and worms need to make decisions about how to explore it (31, 32) , integrating 153 information on food availability and pheromones (22). Pheromones concentrate around food 154 patches that have been discovered, signaling either presence of food, if worms have just started to 155 consume the food patch, or absence of food, if the food patch has been exploited. If worms were 156 always attracted to pheromones then they would frequently end up in already spent patches. One 157 possible mechanism to avoid this is to mark spent patches, and it is known that worms starved for 158 long time periods secrete a pheromone profile that is different from fed worms (15, 27). Another 159 mechanism that could act at shorter time scales is to change response to pheromones. We therefore 160 hypothesize that behavioral plasticity depending on associative learning with pheromones may help 161 worms to forage more efficiently. 162
We consider a possible scenario of worms exploiting food patches on a rotting fruit ( Fig.  163 4A). Initially, worms leaving a freshly depleted food patch are still likely to find a non-depleted 164 food patch by following pheromone cues. However, after some time most patches will be depleted 165 and worms will benefit from avoiding pheromone cues, since they are likely associated to exhausted 166 food patches. This ultimately would result in a wider search for food ( Fig. 4A ). As an experimental 167 test, we ran a modified chemotaxis assay in which worms encountered a food patch before choosing 168 between the pheromone blend and the control solvent (Fig. 4B ). Under our hypothesis, worm 169 preference for either the pheromone blend or the control solvent should change over time, from the 170 pheromone blend initially to the control solvent later. Consistent with this expectation, worms went 171 to the pheromone blend for the first 3 hours of the experiment and then changed their preference, i.e. 172 they avoided the pheromone blend, by the 5 th hour (Fig. 4B) . Although further investigation is 173 needed to ascertain the impact of such processes in the wild, these results suggests that plasticity in 174 the behavioral response to pheromones may be a further adaptation to exploit ephemeral food 175 sources in a most efficient manner. Intriguingly, C. elegans individuals engage in a primitive form 176 of farming by redistributing bacteria while foraging (31) , and having navigational cues that help 177
Since the discovery of the dauer pheromone about 20 years ago, chemical signaling in C. 181 elegans has been under ever increasing scrutiny. However, no studies have examined the interplay 182 between learning and chemical signaling in order to elucidate mechanisms underpinning worm 183 behavior. Here we show that attraction to ascarosides is a learned response that depend on the 184 capacity of C. elegans to associate environmental stimuli, in this case food, with pheromones. Moreover, chemical cues that regulate important behavioral responses but rely on learning 194 have been discovered (37-40). To distinguish them from pheromones they are now identified as 195 signature odors (38). For example, the chemical profile of ants displays species-specific molecules, 196 but each colony produces different combinations and ratios of these molecules. Individuals of one 197 colony learn to associate the particular mixture of odors with their nest-mates, helping to avoid 198 conflicts with them while recognizing intruders from a different colony (37). Despite the existence 199 of signature odors, this study, to our knowledge, is the first asking whether the response to 200 molecules classified as pheromones can be modified by experience. Whether this applies to other 201 animals than C. elegans has not been examined in detail, but these results should prompt more 202 studies investigating the extent to which some innate responses to pheromones can be 203 reprogrammed through experience. 204 C. elegans is one of the best studied animals on earth, which enabled major advances in 205 chemical signaling, behavior, and neuroscience. Our work, demonstrating that C. elegans is able to 206 learn to associate pheromones with positive and negative stimuli, suggests that this highly tractable 207 model system could be used to uncover the basis of learning-dependent phenotypic plasticity 208 towards pheromones. Future studies will be required to determine what types of stimuli worms can 209 learn to associate with pheromones, as well as the breadth of behavioral and other phenotypic 210 responses that can be reprogrammed. 211
Materials and Methods

212
Strains and culture conditions 213
We used two Caenorhabditis elegans strains recently isolated from the wild, MY1 (Lingen, 214
Germany) and MY14 (Mecklenbeck, Germany), as well as N2 (Bristol, UK), the chemotaxis-215 defective mutant PR691 and the daf-22 strain DR476. All the strains have been obtained from the 216 Caenorhabditis Genetic Centre (CGC). Worms were grown at 21-23 °C (room temperature) on 217 nematode growth media (NGM) plates (100 mm) seeded with 200 µl of a saturated culture of E. 218 coli OP50 bacteria (41). As for OP50 culture, a single colony was inoculated into 5ml of LB 219 medium and grown for 24 h at 37 °C. 220
Pheromones 221
We obtained the crude pheromone blend by growing worms in liquid culture for 9 days (at room 222 temperature and shaking at 250 rpm) (15). Individuals from one plate were washed and added to a 223 1-liter flask with 150ml of S-medium inoculated with concentrated E. coli OP50 pellet made from 1 224 liter of an overnight culture. Concentrated E. coli OP50 pellet was added any time the food supply 225 was low, i.e. when the solution was no longer visibly cloudy (41). The pheromone blend was then 226 obtained by collecting the supernatant and filter-sterilizing it twice. A new pheromone blend was 227 produced every 3 months. We used the pheromone blend produced by MY1 also for tests with N2 228 and MY14 for two main reasons: to minimize variation among experiments and because the type 229 and amount of ascarosides produced by these strains should be the same (16). Pure synthetic 230 ascarosides (ascr#5 and icas#9) were obtained from the Schroeder lab and kept at -20°C in ethanol. 231
Each time an experiment was performed, an aqueous solution at the desired molar concentration 232 was prepared (10 µM for ascr#5 and 10 pM for icas#9). The control solvent for the pheromone 233 blend is S-medium, while the control solvent for the pure ascarosides is an aqueous solution with 234 the same amount of ethanol present in the ascaroside aqueous solution (14). 235
Chemotaxis assay 236
Chemotaxis assay has been performed in 60 mm NGM plates, in which worms are given the choice 237 between pheromone (either 20 µl of the pheromone blend or 20 µl of a pure ascaroside in aqueous 238 solution) and a control solvent (20 µl) (20, 25). The two spots are deployed ~3 cm apart from each 239 other (Fig. S4A) . Shortly before the start of the assay, 1 µl of 0.5 M sodium azide is added to both 240 spots in order to anaesthetize the animals once they reach the spots. Animals, either naïve or trained, 241 are placed equidistant from the two spots and left to wander on the assay plate for 1 hour at room 242 temperature (Fig. S4A) . The average number of worms in each experiment is indicated in the figure  243 captions. The assay plates were then cooled at 4°C and the number of worms around each spot was 244 counted using a lens. The chemotaxis index is then calculated as are also placed in conditioning plates with 3) nothing (-food -pheromone) and 4) only food (+ 261 food -pheromone). Conditioning plates are prepared ~16 hours before the training starts, so that 262 bacteria can grow and form a lawn. In the case of pure ascarosides, the concentration of ascaroside 263 that was added for the conditioning plate was higher than the concentration at which the worms 264 were tested chemotaxis to compensate for the diffusion of the ascaroside throughout the agar in the 265 conditioning plates. Ascr#5 was added at a concentration of 100 µM onto conditioning plates, while 266 icas#9 was added at a concentration of 1 µM. Worms spent 6 hours on the conditioning plates at 267 room temperature, after which they are assayed for pheromone chemotaxis. 268
Modified chemotaxis assay (choice after food) 269
It is a chemotaxis assay performed on naïve worms that encounter a food patch before making the 270 choice between the pheromone blend and the control solvent. We used 100 mm NGM plates in 271 which we deployed 20 µl of the pheromone blend, 20 µl of control solvent and 15 µl of a diluted 272 OP50 E. coli culture at equal distance from each other (Fig. S4B ). In the pheromone and control 273 spots, 2 µl of 0.5 M sodium azide was added in order to anaesthetize the animals once they reached 274 the spots. Since the anesthetic action of sodium azide lasts for about 2 hours in this set-up, another 275 1µl was added two hours after the beginning of the assay in both spots. Naïve animals were placed 276 Animals are then transferred to conditioning plates, where they spend 6 hours training with either 421 ascr#5 or icas#9. Worms are then assayed for chemotaxis to the ascaroside they were trained with. 422
Chemotaxis index (mean CI ± SEM, for ascr#5: n. experiments =3; for icas#9: n. experiments =5) 423
for the different training conditions (indicated in green and violet along the x axis, all at high worm 424 density): '+ food + ascr#5 / icas#9' (blue bars, positive association: food and ascarosides), '-food + 425 ascr#5 / icas#9' (yellow bars, negative association: starvation and ascarosides), '-food -ascr#5 / 426
icas#9' (red bars), '+ food -ascr#5 / icas#9' (turquoise bars). 427 428 We consider a possible scenario of worms exploiting food patches on a rotting piece of fruit. During 431 the rotting process the bacterial patches could be exhausted at different times. Therefore, worms 432 leaving a freshly depleted food patch are still likely to find a non-depleted food patch by following 433 pheromone cues. However, when most patches become depleted, worms will benefit from avoiding 434 pheromone cues, which are likely to be associated to exhausted food patches. Changing preference 435 for pheromones in time would allow the worms to increase the chances to find unexploited food 436 patches. B. Under this hypothesis, the preference for either the pheromone blend or the control 437 solvent of naïve worms presented with a food patch should change over time, from the pheromone 438 blend initially to the control solvent later. In the plot, chemotaxis index calculated on the MY1 439 worms that, each hour, reach the two spots (mean CI ± SEM, n. experiments =1, n. plates= 25, n. 440 adult worms per plate ~ 80). 441
